Reticuloendotheliosis virus strain T (REV-T) is a highly oncogenic avian retrovirus which causes a rapid neoplastic disease of the lymphoreticular system. Upon infection, this virus gives rise to two species of unintegrated linear viral DNA, which are 8.3 and 5.5 kilobase pairs long and represent the helper virus (REV-A) and the oncogenic component (REV-T), respectively. Restriction endonuclease cleavage maps of these two DNA components indicate that REV-T DNA has a large portion of the genome deleted with respect to REV-A DNA and a substitution about 0.8 to 1.5 kilobase pairs long that is unrelated to REV-A DNA. These additional sequences comprise the putative transforming region of REV-T (rel). A chicken spleen cell line transformed by REV-T produced virus which upon infection gives rise to three species of unintegrated linear viral DNA (8.3, 5.5, and 3.3 kilobase pairs). We isolated the proviruses of the 8.3-and 3.3-kilobase pair species from this cell line by cloning in the phage vector Charon 4A. Restriction enzyme mapping showed that the two proviral clones are proviruses of REV-A and a variant of REV-T, respectively. A subclone of the variant REV-T provirus specific for the rel sequences of REV-T was used as a hybridization probe to demonstrate that the rel sequences are different from the putative transforming sequences of Schmidt-Ruppin Rous sarcoma virus strain A, avian myelocytomatosis virus, avian myeloblastosis virus, avian erythroblastosis virus, Abelson murine leukemia virus, and Friend erythroleukemia virus. In addition, the rel-specific hybridization probe was used to identify a specific set of sequences which are present in uninfected avian DNAs digested with several restriction enzymes. The corresponding cell sequences are not arranged like rel in REV-T.
Retroviruses can be grouped into three broad classes on the basis of their oncogenic properties. Viruses which are not oncogenic include most endogenous retroviruses. Most of the natural field isolates (nondefective leukemia viruses) are "weakly oncogenic" and cause leukemia after a latent period of months to years. Other retroviruses are "highly oncogenic" or "strongly transforming." In contrast to the weakly oncogenic retroviruses, these viruses cause neoplastic disease after a latent period of days to weeks.
The highly oncogenic avian retroviruses include the replication-competent avian sarcoma viruses (the avian sarcoma viruses and the Rous sarcoma viruses), the replication-defective avian sarcoma viruses (Fujinami virus and Y73 virus), and the replication-defective avian leukemia viruses (avian myeloblastosis viruses, avian myelocytomatosis viruses, avian erythroblastosis viruses, and avian reticuloendotheliosis virus). Isolates of these highly oncogenic avian retroviruses have been assigned to different subgroups based on the types of neoplasms which they induce and, in some cases, on the differences in the specific nucleotide sequences in their genomes which are associated with the different neoplastic diseases (2, 31; J. M. Coffin, in R. A. Weiss, N. M. Teich, H. Varmus, and J. M. Coffin, ed., Molecular Biology ofRNA Tumor Viruses, part 3, in press).
Avian reticuloendotheliosis virus strain T (REV-T) is a highly oncogenic virus which causes a neoplastic disease of the lymphoreticular system (12, 20, 41) . Cell lines established by transformation in vivo and in vitro with REV-T appear to be morphologically like lymphoblasts, and some cell lines display other properties that are characteristic of lymphoblasts (T. Shibuya, I . S. Y. Chen, A. Howatson, and T. W. Mak, manuscript in preparation). REV-T is defective in replication and requires a helper virus. The viral genome is approximately 5.5 kilobases long (16, 21) , and nucleotide sequences that may be associated with the oncogenic properties of this virus have been identified by oligonucleotide fingerprinting (4) .
We characterized the genome structure of REV-T by constructing restriction enzyme maps of the linear unintegrated DNAs of REV-T and its associated helper virus, REV-A. In addition, we obtained molecular clones of integrated REV-A DNA and of integrated DNA of a variant of REV-T. These molecular clones enabled us to compare the putative transforming nucleotide sequences of REV-T with those of several other retroviruses. We also determined the possible origin of these REV-T-specific nucleotide sequences by examining the DNAs of several uninfected vertebrate species for the presence of homologous sequences.
We found that the REV-T-specific nucleotide sequences (rel) are different than the sequences in Rous sarcoma virus, other defective avian leukemia viruses, Abelson murine leukemia virus, and Friend erythroleukemia virus. These rel sequences are present in normal uninfected avian DNA, and sequences that are weakly homologous to these sequences are present in uninfected salmon, mouse, rat, and human DNAs.
MATERIALS AND METHODS
Cells and viruses. The general sources and procedures for obtaining and propagating avian fibroblast cells have been described previously (13) .
The BMC cell line (12) was supplied by C. Y. Kang and produced REV-T(REV-A), which was used to generate spleen cell line [1] [2] [3] [4] [5] [6] by infection of spleen cells from 3-week-old chickens in vitro (20) . The REV-T produced by this spleen cell line was used to generate spleen cell lines 2-4, 2-10, 2-14, 2-16, and 2-20. The transformed cell lines were isolated as individual colonies growing in soft agar. A total of 20 to 50 transformed colonies were obtained from 107 chicken spleen cells infected with 1 ml of undiluted virus. Individual colonies were isolated and propagated in RPMI 1640 medium containing 10% fetal calf serum at a density of about 106 cells per ml. All cell lines produced REV-A, as determined by the appearance of cytopathic effects and DNA polymerase activity after infection of chicken embryo fibroblast cells (40) . All cell lines also produced REV-T, as determined by the in vitro spleen cell colony assay (20) pBR60BS1 is a molecular clone of spleen necrosis virus (SNV) DNA in the SalI site of pBR322 and was a generous gift from K. Shimotohno.
The BamHI and BamHI-SalI DNA fragments of SNV DNA were derived from pBR60BSl (27a).
p14-44 3' is a molecular clone of 2.6 kilobase pairs (kbp) of proviral DNA from the 3' end of the previously described SNV provirus (34) and was a generous gift from K. Shimotohno.
70T is a clone that was derived from a molecular clone of a SNV provirus in Charon 4A (27) DNA extraction and purification. Unintegrated viral DNA was prepared by the Hirt fractionation procedure, as previously described (5, 19) . Cellular DNA was prepared by lysing cells in 0.6% sodium dodecyl sulfate-10 mM EDTA and digesting the lysate with 100 ,ug of proteinase K per ml at 37°C for 24 h. The DNA was extracted with phenol and chloroformisoamyl alcohol as previously described (1) . The RNA was removed by RNase A digestion, as previously described (1) .
Assay of infectious viral DNA. Infectious viral DNA assays were performed as previously described (7) .
Gel electrophoresis and DNA transfer to nitrocellulose. Gel electrophoresis was performed as previously described (5) . Molecular weights were determined by using restriction enzyme-digested lambda DNA and pBR322 DNA.
DNA was transferred from agarose gels onto nitrocellulose filter paper as described by Southern (35) .
Molecular hybridization. The sources and preparation of hybridization probes were as follows.
32P-labeled cDNAREv-A and 32P-labeled cDNAREV-T were prepared by using purified virion RNA as a template, as previously described (5) 
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Presoaking and hybridization of DNAs immobilized on nitrocellulose filters were performed as previously described (5) . Filters were washed and exposed as previously described (5) .
Preparation and growth of molecular clones. The preparation and screening of molecular clones containing viral sequences in the phage vector Charon 4A were performed essentially as previously described (27) , with the following modifications. High-molecular-weight DNA from spleen cell line 2-20 was digested partially with restriction enzyme EcoRI so that the majority of the DNA was between 8 and 30 kbp long. The DNA between 10 and 30 kbp long was purified after the DNA was fractionated on a 5 to 20% (wt/vol) NaCl gradient (27) . This DNA was used for subsequent ligation and packaging steps (27) . Approximately 2 x 105 phage were screened by using a 32p_ labeled DNASNv hybridization probe.
Preparation and screening of subclones of cell line 2-20-4 DNA in pBR322 were performed as previously described (34) .
Molecular clones of viral DNA in phage vector Charon 4A and plasmid vector pBR322 were grown as previously described (27, 34) .
RESULTS
We characterized the genome of REV-T by studying the structure of unintegrated linear viral DNA. Using hybridization with 32P-labeled cDNAREV-T, we detected two species of unintegrated linear viral DNA (8.3 and 5.5 kbp long) in chicken embryo fibroblast cells infected with stocks of REV-T and its helper, REV-A (Fig. 1) .
This virus stock was passed in chicken embryo fibroblasts at a low multiplicity of infection, and a cytopathic virus that was not able to transform spleen cells was isolated by endpoint dilution (data not shown). After infection by this virus, we detected only one species of unintegrated linear DNA, which was 8.3 kbp long (Fig. 1) . The smaller species of viral DNA (5.5 kbp) was not present. This result confirms previous studies which showed that transforming stocks of REV-T consist of two components, namely, a replication-defective component (REV-T) about 5.5 kbp long, which is necessary for transformation, and a replication-competent, cytopathic, helper virus (REV-A) about 8.3 kbp long, which is nontransforming (20) .
To compare the genome structures of REV-A and REV-T, we constructed restriction enzyme cleavage maps of unintegrated linear viral DNAs (Fig. 2 ). Since both REV-A DNA and REV-T DNA were present in these preparations, digestions performed with REV-A DNA alone enabled us to distinguish the fragments which were derived from REV-A DNA from the fragments which were unique to REV-T DNA. The orientations of the provirus sequences (5' and 3' relative to viral RNA) were determined by com- [1] [2] [3] [4] [5] [6] and REV-A at multiplicities of infection of approximately 1 and 0.1 PFU/cell, respectively. At 3 days after infection, the cells were lysed by the Hirt fractionation procedure (19) . DNA was prepared from each Hirt supernatant fraction by phenol and chloroform-isoamyl alcohol extractions, followed by RNase A digestion. Samples of each DNA were subjected to electrophoresis in a 0.8%o agarose gel. Virusspecific sequences were detected by hybridization with 32P-labeled cDNAREv T, as described in the text.
paring the restriction enzyme cleavage map of REV-A with the restriction enzyme cleavage map of another reticuloendotheliosis virus, SNV (24, 27) . (REV-A and SNV are almost 100% homologous [22] .)
The restriction enzyme cleavage map of REV-A DNA is identical to the map reported previously for SNV (24) , except for additional KpnI and HindIlI sites which are located 1.6 and 7.2 kbp, respectively, from the 5' end. By analogy with SNV, the two SacI sites at the ends of the DNA probably marked the long terminal repeats (LTRs).
We aligned the restriction enzyme cleavage map of REV-T DNA at the 5' end with the map of REV-A DNA for comparison ( We determined the origin of these REV-T sequences by hybridization to molecular clones of subgenomic fragments of SNV DNA. The internal HindIII fragment in REV-T DNA hybridized to a BamHI SNV DNA fragment (27a) which was located 3.6 to 5.9 kbp from the 5' end of SNV DNA and to a 3' SNV DNA fragment (p1444 3' [34] (Fig. 4) . Multiple bands were present in the dclude this HindIII DNAs of all of the cell lines studied. In addition, no DNA fragment of the same size was present restriction enzyme in all cell lines. Apparently, the transformed NAs indicate that phenotype conferred upon the target cells by ably resulted from infection with REV-T is not dependent upon ,nces from REV-A integration into a specific site, although integras sequences. These tion into specific regions of DNA could not be T-T are referred to excluded. This observation has been made for ress).
integration of highly oncogenic retroviruses in iracterization of several other systems (7a, 36). 11 lines. We estabMolecular cloning of an REV-A provirus by infecting spleen and a variant REV-T provirus. To facilitate 'he virus produced further structural analyses of the genomes of taracterized by ex-REV-A and REV-T, we obtained molecular ecies of viral DNA clones of integrated viral DNA from spleen cell .en fibroblasts (Fig. line 2-20 . This spleen cell line produced three from REV-A (8.3 species of virus (Fig. 3) and exhibited a relatively vere detected after simple pattern of viral integration (Fig. 4) . We the cell lines stud-constructed a recombinant DNA phage library Tiral DNA (3.3 kbp) from partial EcoRI digests of this DNA. By by virus from cell using hybridization with 32P-labeled DNASNV, nt was not found in we isolated two molecular clones. Restriction the other four cell enzyme cleavage maps were constructed by reine 1-6, the virus of striction enzyme digestions and hybridizations cell line 2-20 (see with 32P-labeled cDNAREVA and 32P-labeled )bably arose during cDNAREV-T (Fig. 5) . ich gave rise to cell
The restriction enzyme cleavage sites in the proviral sequences from clone 2-20-6 are identical to the cleavage sites of the corresponding c. ; Genzymes in unintegrated linear REV-A DNA ( Fig. 2 and 5 ). In addition, DNA transfection To confirm that the region between the two EcoRI sites in clone 2-20-4 was rel specific, we prepared a subclone of the EcoRI fragment (designated EcoRI-rel) (Fig. 6 ). When this DNA was used as a hybridization probe to detect uninte' grated linear viral DNA, it detected only those species of viral DNA that contained rel sequences (data not shown). REV-A DNA was not detected with this probe (data not shown), although REV-A DNA was detected by hybridization with 32P-labeled DNASNV (Fig. 4) . In addition, the small 3.3-kbp viral species derived from virus from cell line 2-20 was detected and, therefore, contains rel-specific sequences (data not shown).
Despite the similarities between REV-T DNA and clone 2-20-4 proviral DNA, it is apparent from the restriction enzyme maps that these two DNAs were different. The ends were the same, but about 2.2 kbp of the internal proviral sequences of clone 2-20-4 DNA are deleted compared with REV-T DNA. Most of the region between the KpnI site and the EcoRI site at 1.6 and 3.7 kbp, respectively, from the 5' end of REV-T is deleted (Fig. 5) . Therefore, this deletion is about 2.1 kbp long. Another, much smaller deletion is located between the two SacI sites that were within the region subcloned into Lack of homology between the transforming sequences of REV-T and the transforming sequences of other strongly transforming retroviruses. Each of the strongly transforming retroviruses which have been studied contains nucleic acid sequences which presumably are responsible for the distinct neoplastic diseases that are specific for each type of virus (Coffin, in press). Using the nucleic acid hybridization technique, we compared the putative transforming sequences of REV-T with the unique sequences of an avian sarcoma virus, three defective avian leukemia viruses, and two defective murine retroviruses. Either clone 2-20-4 DNA or EcoRI-rel DNA was used as a hybridization probe. Hybridization was not observed with any of the DNAs tested (Table 1) DNAs were used for cotransfection of chicken embryo fibroblasts in 60-mm culture dishes as described in the text. Virus was harvested from the cells 8 days after the application of DNA. The recovered virus (RECOVERED REV-T*) was then used undiluted to infect chicken embryo fibroblasts. At 3 days after infection, unintegrated linear viral DNA was prepared by the Hirt extraction procedure. Duplicate samples of the DNA were subjected to electrophoresis in a 0.8% agarose gel. REV-T(RE V-A) (REV-TA) DNA prepared as described in the legend to Fig. 1 was subjected to electrophoresis in parallel. Virus-specific sequences were detected by hybridization with 3P-labeled DNAsNv and 3P-labeled DNAEcoRl,w, as described in the text. Cellular DNAs from several different species were digested with restriction endonuclease HindIII and hybridized with an rel-specific hybridization probe. All of the avian species tested showed hybridization in several specific bands (Fig. 8) . Under these standard hybridization conditions, we also detected much weaker hybridization to the DNAs of all of the other vertebrate species tested, including fish, rodents, and humans (Fig. 8) . In contrast, we detected no homology between helper virus sequences (32P-labeled DNASNV) and normal cell DNA (24, 25; data not shown). These results indicate that sequences related to the putative transforming sequences of REV-T are present in normal avian cells. This result is consistent with the observation that REV-T originated from a tumor in an adult turkey (41) .
Since there was one HindIll site in rel, we expected at most two bands if the cellular sequences were unique and arranged like rel. However, four or more bands were observed in each avian DNA. This discrepancy was analyzed by digesting avian cell DNAs with EcoRI. If the cell sequences were the direct progenitors of the sequences in REV-T, we should have found a fragment in EcoRI-digested cell DNA which corresponded in size to the rel-specific EcoRI fragment in REV-T. Of the four avian species studied, turkey and pheasant DNAs contained sequences which were the same size (0.8 kbp) as EcoRI-digested REV-T DNA (Fig. 9) Fig. 1 were digested with EcoRI and subjected to electrophoresis in a 1.0o agarose gel. Virusspecific sequences were detected by hybridization with 32P-labeled DNAEcoRJreL, as described in the text.
REV-T was first reported to have been isolated from a turkey, this fragment in turkey DNA may have been part of the progenitor sequence which gave rise to the rel sequences in REV-T.
In addition, other much larger species of DNA were detected in turkey DNA digested with EcoRI (Fig. 9) (10, 46 ; Coffin, in press), whereas REV-T causes reticuloendotheliosis (41) . We have also shown that the rel sequences are distinct from the putative transforming sequences of Abelson murine leukemia virus (abl) and Friend erythroleukemia virus. The comparison of REV-T with Abelson murine leukemia virus was particularly interesting since some cell lines established by infection with both viruses appear to be lymphoid in character (Shibuya et al., manuscript in preparation). It will be of interest to determine whether rel and abl are distantly related by using less stringent conditions of hybridization.
Protein products which are encoded by some defective, strongly transforming viruses have been identified (3, 10, 18, 29, 39 ; Coffin, in press). In most cases, these proteins are fusion products between products of the gag gene and the products of the putative transforming sequences and are encoded by genomic size mRNA's. Protein products have not been identified in vivo for avian myeloblastosis virus and Moloney murine sarcoma virus, probably because the protein products are not fusion products and consequently are not antigenically related to viral structural proteins. This hypothesis is consistent with the finding of subgenomic size mRNA's for avian myeloblastosis virus and Moloney murine sarcoma virus which contain the putative transforming sequences of these viruses (9, 16; Coffin, in press) .
No gene product specific for REV-T has been identified. We found that the 5' end of REV-T to the left of the rel sequences is derived from discontinuous regions of REV-A. The REV-Aspecific sequence directly adjoining the rel sequences appears to be derived from the 3' end of REV-A between 5 and 7 kbp from the 5' end ( Fig. 2) (21) . Therefore, REV-T resembles avian myeloblastosis virus and Moloney murine sarcoma virus (Coffin, in press) more closely than it resembles the other strongly transforming retroviruses. In that case, REV-T might not encode a gag-related fusion protein from genomic size RNA, but probably encodes a protein product from a subgenomic species of mRNA.
A common feature of the strongly transforming viruses appears to be that the putative transforming sequences have homologous counterparts in normal cellular DNAs. In the case of Moloney murine sarcoma virus, these cellular sequences appear to be arranged in the same VOL. 40, 1981 on October 19, 2017 by guest http://jvi.asm.org/ Downloaded from way as the sequences in the virus (28) . In fact, if joined to LTR sequences, these cellular sequences appear to have transforming properties similar to those of the homologous viral counterpart (28) . In the case of most other strongly transforming retroviruses, the cellular sequences appear to be arranged discontinuously, with intervening sequences between virus-specific sequences (11) . Our results with REV-T show that the cellular sequences homologous to rel are different than the rel sequences. A rel-specific sequence in the DNA of turkeys, from which REV-T originated, appears to be the same as part of rel in REV-T. In addition, several other rel-specific regions were found in turkey DNA. These results may indicate that a small family of three or four rel-specific sequences exists in turkey DNA, one member of which is part of the genome of REV-T. Alternatively, the multiple rel-specific sequences may reflect a discontinuous arrangement of small regions of rel sequences separated by large intervening sequences. If this hypothesis were true, the coding sequences of the cellular counterpart of rel would span about 20 to 30 kbp in chicken and turkey DNAs (Fig. 9) . Such a structural arrangement of coding sequences is unusual, but genes spanning such large DNA sequences have been reported (26, 43, 44) . Further experiments with different restriction enzymes to digest cellular DNA and molecular cloning of cellular sequences will distinguish between these two possibilities. (A preliminary characterization of molecular clones of cellular rel-specific sequences indicates the presence of at least one large [>10-kbp] intervening sequence.)
Variant of REV-T. The spleen cell line 2-20 produces three species of virus. In addition to REV-A and REV-T, another virus that has a genome about 3 kbp long is produced. Other variants of REV-T have been reported (15, 21) . However, the sizes of these other variants and the nature of the alterations are different from those in the variant which we isolated.
It is interesting that such a small molecule (less than one-half the size of the genome of REV-A) can be propagated as a virus and transcribed into viral DNA. Apparently, the variant genome suffers no disadvantage because of its small size. The LTRs and about 1.0 kbp of additional sequences at the 5' end are conserved in the variant provirus compared with REV-A. Further studies on the nature of the deletions and the conserved sequences of the REV-T variant may provide further insight into what structural features are required to be a retrovirus.
